Objective: To validate an intracochlear piezoelectric sensor for its ability to detect intracochlear pressure and function as a microphone for a fully implantable cochlear implant. Methods: A polyvinylidene fluoride (PVDF) piezoelectric pressure sensor was inserted into a human fresh cadaveric round window at varying depths. An external sound pressure stimulus was applied to the external auditory canal (EAC). EAC pressure, stapes velocity, and piezoelectric sensor voltage output were recorded. Results: The PVDF sensor was able to detect the intracochlear sound pressure response to an acoustic input to the EAC. The frequency response of the pressure measured with the intracochlear sensor was similar to that of the pressure at the EAC, with the expected phase delay of the middle ear transmission. The magnitude of the response increased and smoothened with respect to frequency as the sensor was inserted more deeply into the scala tympani. Artifact measurements, made with the sensor in air near the round window, showed flat frequency response in both magnitude and phase, which were distinct from those measured when the sensor was inserted in the round window. Conclusion: This study describes a novel method of measuring intracochlear pressure for an otologic microphone composed of a piezoelectric polymer, and demonstrates feasibility. Our next goal is to improve device sensitivity and bandwidth. Our long-term objective is to imbed the piezoelectric sensor within a conventional cochlear implant electrode, to enable a device to both measure intracochlear sound pressure and deliver electrical stimulus to the cochlea, for a fully implantable cochlear implant.
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Cochlear implants have become the standard of care for profound sensorineural hearing loss. The outcomes of cochlear implants have been greatly improved with advances in both speech processing and electrode array technology. However, cochlear implantation still requires the user to wear external components. This results in both functional and cosmetic drawbacks for the wearer (1, 2, 3) .
With these drawbacks in mind, several groups have focused on designing and building a fully implantable cochlear implant (3, 4, 5) . Before this can be achieved, there are technical hurdles that must be overcome, including power constraints, miniaturization of the speech processor, reliable connectors, and finally an implantable microphone. In regards to an implantable microphone, while there are several types used in active middle ear devices, there are drawbacks and limitations to each. Subcutaneous microphones, implanted near the temple (Carina of Otologics, LLC, Boulder, CO) or ear canal (totally integrated cochlear amplifier [TICA] of Implex American hearing Systems, now owned by Cochlear Corporation, Sydney Australia) result in damping of the sound stimulus by the adjacent soft tissue and unwanted noise from tissue motion (because of chewing, speaking, etc.). The Esteem (Envoy Medical Corporation, MN) senses ossicular motion at the incus body with a needle-tipped sensor. Sensors at the epitympanum for sensing incus body or malleus head vibrations are limited by several factors including instability of the connection between the sensor tip and the bone because of the rounded surface of ossicles, the complex modes of osscular motion at mid-to-high frequencies, and the need to sever the ossicular chain (6-13).
The intracochlear pressures in scala vestibuli and tympani in response to sound stimulation in gerbil ears and human temporal bones have been reported in our previous studies (14) (15) (16) (17) (18) (19) . This time-varying pressure is the output of the mechanical system of the middle ear and is the driving force for intracochlear motion, which leads to mechano-electrical transduction by cochlear hair cells. We have investigated whether this intracochlear sound pressure could be measured and used as the input to the processor of a cochlear implant. In addition to cosmetic and activity-based advantages, this approach leverages the gain, and directional cues provided from the external ear. Members of our group recently demonstrated early stage feasibility of the concept with a piezoelectric sensor positioned just within the round window opening in gerbil (20) . Here, we take the study further by inserting the sensor into the scala tympani of human temporal bone, and measuring its response to sound stimuli applied to the external auditory canal (EAC).
METHODS

Piezoelectric Sensor Preparation
The piezoelectric sensor was constructed of a polyvinylidene fluoride (PVDF) polymer film strip embedded in a cylindrical polydimethylsiloxane (silicone) housing fabricated by injection molding. Figure 1 shows a schematic of the sensor, shaped and sized similarly to a cochlear implant. The sensor had an outer diameter of 600 mm and was $12 mm in length.
Temporal Bone Preparation
The Institutional Review Board of the Massachusetts Eye and Ear approved our temporal bone experiments. Temporal bones were obtained from fresh cadavers, soft tissue was removed and they were immediately frozen. Specimens were stored and defrosted in 0.9% saline. The bony external canal was shortened to approximately 1 cm. An extended facial recess approach was drilled to allow access to the round window and stapes. Bony overhang was removed from the round window niche to provide wide access to the round window membrane.
Testing of PVDF Sensor within Scala Tympani
The PVDF sensor was inserted into the scala tympani via a round window insertion, similar to that used in cochlear implantation (Fig. 2) . During opening of the cochlea, saline submerged the round window to ensure that no air was introduced into the inner ear. After opening of the round window, a micropositioner was used to place the PVDF sensor into the scala tympani until a full insertion of 12 mm was reached. The PVDF sensor was then withdrawn at 2 mm increments.
Tones of 10 ms duration between 100 Hz and 10 kHz (63 frequencies) and 80 to 110 dB SPL were presented to the sealed ear canal with a speaker (Beyer DT48, Beyerdynamic, Heilbronn, Germany). For each insertion depth of the PVDF sensor, the response to sound stimulation of the PVDF sensor, ear canal pressure, and stapes velocity were measured simultaneously. A charge amplifier (B&K 2525, Brüel & Kjaer, Naerum, Denmark) with a gain of 60 dB was used to condition the output signal of the PVDF sensor. Ear canal pressure was recorded 1 to 3 mm from the umbo with a calibrated probe-tube microphone (ER-7C, Etymotic, Etymotic Research, IL, USA). No averaging was performed.
To determine whether insertion of the PVDF sensor changed the cochlear input impedance and middle ear sound transmission, stapes motion was measured with a laser Doppler vibrometer system (Polytec CLV 700, Polytec, Waldbronn, Germany) aimed at a $0.2 mm 2 reflector (consisting of 50 mm diameter reflective polystyrene microbeads on plastic tape) applied to the footplate or posterior crus of the stapes. The angle between the laser beam and the piston-motion direction of the footplate was $30 to 45 degrees. Before opening the round window membrane, the stapes velocity response to sound stimulus in the ear canal was recorded. Repeat measurements were made after introduction of the PVDF sensor into the scala tympani through the round window.
As a control and to check for possible electromagnetic coupling between speaker and sensor recording, the output of the PVDF sensor was also measured while the sensor was held in the air of the middle ear space or submerged in fluid and resting on the round window membrane.
A block diagram of our entire experimental setup can be seen in Figure 3 .
RESULTS
Intracochlear Sound Pressure Measured
in Scala Tympani Figure 4 shows the output frequency response of the PVDF sensor while it was fully inserted in the scala tympani (blue thick-dashed line). For comparison, sound pressure in the ear canal is also plotted (black thick solid line). As shown in the left panel of Figure 4 , magnitude of the sensor resembled ear canal pressure over the range of 100 Hz to 4 kHz. At higher frequencies the sensor's output level dropped into the vicinity of the ''artifact'' measure (blue thin dashed line). This artifact was measured with the sensor positioned in free air near the cochlea during sound stimulation. The artifact measured had both magnitude and phase that were flat over all the tested frequencies. This measure is likely dominated by electric pick-up, though possibly sensing some air-conducted sound from the speaker attached to a sealed ear canal. The ''noise'' level (red thin dotted line) was measured with electrical stimulus disconnected to the speaker. The phase of the noise level (not plotted) had a randomly varying frequency response (as would be expected of noise).
Responses of the sensor measured at different depths of insertion in the scala tympani are shown in Figure 5 . The ear canal pressure during the measurements was kept at the same level as that shown in Figure 4 . Generally, the sensor output increased and smoothened with respect to frequency as the sensor was inserted more deeply into the scala tympani. At depths greater than 6.5 mm, the output generally paralleled EAC pressure. However, at depths shallower than 6.5 mm, large sharp fluctuations in response with respect to frequency occurred. Figure 6 shows the stapes velocity normalized to the ear canal pressure. The area between the two dashed lines indicates, with a 95% confidence interval, the American Society for Testing and Materials international normal human ear stapes velocity (21) . The black line shows the stapes velocity without the sensor in the cochlea, and stapes velocity at each sensor insertion depth is also shown with colored lines.
Effect of the Sensor on Stapes Velocity
DISCUSSION
Here, we report the feasibility of a PVDF-based piezoelectric sensor to accurately detect intracochlear sound pressure. Our results indicate that the PVDF sensor housed in polydimethylsiloxane silicone, shaped like a cochlear implant electrode, can detect cochlear pressure variations caused by acoustic input into the EAC. Figure 3 shows that the PVDF sensor's frequency response followed the EAC pressure response. It is important to note that although the sensor had a frequency response similar to the stimulus sound, it does not ensure that the output recorded was from intracochlear changes. Recordings could have been the result of transmission through routes other than the middle and inner ear (e.g., electromagnetic pickup between the speaker and sensor recording). We were able to determine if the output of the sensor was from intracochlear pressure variations via middle ear transmission by measuring the response of the output both when the sensor was inserted into the scala tympani and in air nearby the round window. In air, the magnitude frequency response was flat and significantly lower than the recording inside the cochlea. Figure 3 shows a phase delay of about 0.1 ms between ear canal pressure and intracochlear pressure, which is similar to previously published reports of the time delay of the middle ear ossicular chain (16) . Furthermore, the flat frequency phase response when the sensor was in air indicates that the contrasting phase delay recorded when the sensor was inserted into the scala tympani was indeed because of intracochlear pressure, and that the sensor was not simply detecting mechanical vibrations of the temporal bone, air transmission, or electromagnetic coupling.
Our results also indicate that insertion of the PVDF sensor does not significantly impact the function of the middle ear. As this sensor depends on a functioning middle ear system, it is important that the device itself does not reduce the middle ear transmission. Our results show that after insertion of the sensor into the scala tympani stapes velocity remained in the normal range for human middle ears. There was a narrow frequency band near 2 kHz where there was a slight decrease in stapes velocity below normal values. Given that it is not unusual to have ''normal'' bones with deviations over small frequency bands, and that the remainder of frequencies fell well within normal ranges we did not view these findings as significant (21) .
Finally, with full insertion the sensor output was well above the artifact level (which may include sensor response of air-conducted sound) for frequencies from 100 Hz to 4 kHz as can be seen in Figure 3 . While this would not allow for the full range of human hearing, it would allow detection of human speech, which is typically between 300 and 3400 Hz. The sensor did have high signal-to-noise for noise measured without sound input. Future improvements will be directed at increasing the signal-to-noise and bandwidth of the sensor.
For this prototype, the intracochlear sensor frequency response was smooth and similar to the EAC acoustic input response when the sensor was inserted fully. However, shallower cochlear insertion (with more of the sensor exposed to air) resulted in lower sensitivity and less smooth frequency response. This was possibly because of the design of the sensor where the electrical attachment site, external to the cochlea, was compliant and sensitive to change in motion with complex modes. Also, with less of the device in the cochlea with shallow insertion, less of the device is stimulated, reducing the response. Our future design will stiffen and reduce the sensitivity near the electrical connections to the sensor. We also have plans to vary the regions of piezoelectric 
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sensitivity along the sensor for optimal response with varying insertion depths.
Technical details regarding the development of the sensor, its fabrication, material properties, and electronics will be communicated in an engineering journal article in preparation.
While the results of this early stage experiment are encouraging, there are several challenges ahead. For the PVDF sensor to function as a microphone for cochlear implantation, it will have to be fabricated within the lumen of an existing cochlear implant electrode, which will be another step in our group's work. Finally, while our initial study indicates that there is minimal change in the middle ear system with initial insertion, previous studies of hybrid cochlear implants raise the concern that inflammatory responses over time might affect intracochlear pressure changes and this will need to be investigated in the future (22) (23) (24) (25) .
Despite these concerns, our initial outcomes clearly indicate that this piezoelectric sensor prototype can accurately detect pressure changes in the cochlea in response to acoustical input and can do so over an acceptable frequency range for speech perception.
CONCLUSIONS
This study shows the feasibility of a PVDF piezoelectric sensor housed in silicone, similar in shape to a cochlear implant electrode, and inserted into the scala tympani as a novel method for measuring intracochlear pressure in response to sound pressure presented to the external auditory canal. This device could be used in the future to function as a microphone and provide input to a speech processor for a fully implantable cochlear implant. Future studies will focus on increasing sensitivity, increasing bandwidth, decreasing noise, and developing a sensor imbedded into the lumen of existing cochlear implant electrodes.
